Chloroplast relocation movement is induced by blue light in most plants tested. Under weak light, chloroplasts move toward a brighter area in a cell (called low-fluence-rate response or accumulation movement), but they avoid strong light and move away from the light (called highfluence-rate response or avoidance movement). Recently, mutants deficient in the chloroplast avoidance movement were isolated from Arabidopsis thaliana. The results of mutant analyses revealed that the phototropin photoreceptors phot1 and phot2 both control chloroplast accumulation while phot2 alone controls the avoidance movements.
Introduction
Chloroplasts are organelles in plant cells functioning as factories producing organic substances and oxygen through photosynthesis. To obtain higher efficiency of photosynthesis or to avoid photo-damage of chloroplasts, chloroplasts change their location along the cell surface adjacent to the cell wall. In the dark, chloroplasts become located along anticlinal walls and/or at the bottom of the cells (dark position) (Kagawa and Wada 1993) . In the daytime, chloroplasts move up to the periclinal walls of palisade cells, perpendicular to the direction of incident light, when the incident light is not strong, i.e. a lowfluence-rate response (LFR). But under strong light, chloroplasts move to anticlinal walls to avoid photo-damage, i.e. a high-fluence-rate response (HFR) (Fig. 1) . These chloroplast relocation responses have been known since 19th century (see Senn 1908 , Haupt 1999 .
In the green algae Mougeotia scalaris (Haupt et al. 1969 ) and Mesotaenium caldariorum (Kraml et al. 1988) , the moss Physcomitrella patens (Kadota et al. 2000) , and the ferns Adiantum capillus-veneris (Yatsuhashi et al. 1985) and Dryopteris sparsa (Yatsuhashi and Kobayashi 1993) , light-induced chloroplast relocation movements are controlled by red light (R) as well as blue light (B). The photoreceptors for the R responses are known to be phytochrome as red/far-red light reversibility has been observed for these responses. However, phytochromemediated chloroplast relocation has not been conclusively shown in seed plants and in some ferns ( Fig. 2 ) .
Although B-induced chloroplast movement has been studied for many years and action spectra for the LFR and HFR were obtained several times (Zurzycki 1980) , it is only recently that the B photoreceptors for chloroplast movement have been identified , Jarillo et al. 2001 .
In Arabidopsis thaliana, a model plant for genetics and molecular biology, chloroplast relocation movement was first detected photometrically (Trojan and Gabrys 1996) and was subsequently observed directly by light microscopy (Kagawa and Wada 2000) . We screened for mutants defective in the Binduced chloroplast avoidance movement from about 100,000 lines of mutated A. thaliana and determined that PHOT2 is the responsible photoreceptor gene . Studies using a double mutant of phot1 and phot2 showed that these photoreceptors work redundantly for the chloroplast accumulation response . In this review, we discuss recent studies of B-induced chloroplast accumulation and avoidance movements, and of the photoreceptors responsible for these movements.
Accumulation movement
The chloroplast accumulation response has been thought to function to maximize light absorption in order to maximize photosynthesis. This hypothesis has not yet been rigorously tested because no mutant defective in the accumulation movement has been isolated until very recently. On the other hand, many analytical experiments were performed to determine whether calcium is a signal for the movement, although clear evidence has not yet been obtained (see reviews by Haupt and Scheuerlein 1990, Wada and . Only when fern gametophytes were used for the analytical studies by partial cell irradiation with a microbeam and/or polarized light, did precise knowledge begin to increase on the chloroplast accumulation movement. From experiments using gametophyte cells of A. capillus-veneris, the following were determined. (1) The accumulation response can be separated into three parts; photoperception, signal transfer from photoreceptor to chloroplasts, and movement of the chloroplasts (Kagawa and Wada 1996) . (2) The photoreceptors are dichroically arranged in some way on the plasma membrane, because a dichroic arrangement of chloroplasts can be induced by polarized B irradiation (Yatsuhashi et al. 1985) . (3) A short pulse of B is enough to induce chloroplast movement in subsequent darkness as was shown in the seed plant Lemna trisulca (Zurzycki et al. 1983) , indicating that information from light perception can be retained in the irradiated area for some time Wada 1996, Kagawa and . (4) Signals can be transferred even in the dark to chloroplasts within a cell but not to the adjacent cells (Kagawa and Wada 1996) . (5) Chloroplast movement can be induced in an anulceated cell, meaning that gene expression is not involved in the signal transduction pathway after light perception (Wada 1988) . (6) Sequential irradiation of the same area with B and R both at fluence rates below the threshold for the accumulation response can induce the accumulation response. Thus B and R share signal transduction pathways at least partly (Kagawa and Wada 1996) . (7) A chimeric gene encoding the chromophore-binding domain of phytochrome in the N-terminus and full-length phototropin (B receptor for phototropism) in the C-terminus was recently described and was designated phytochrome 3 (Nozue et al. 1998) . It is an obvious candidate to be the photoreceptor for both B and R responses (Nozue et al. 1998 , Christie et al. 1999 . In A. thaliana leaves, similar properties of the accumulation response can be observed at the cellular level under microscopy but add nothing new beyond the knowledge obtained so far from ferns.
For movement of chloroplasts, a motile system is necessary. It is known from cytoskeleton inhibitor work that seed plant cells (L. trisulca) and fern cells (A. capillus-veneris) use an actin-and myosin-based system for movement (Tlalka and -2 (shown as a white spot) for 1 min at time 30 min. The cell was observed by an infra-red-sensitive videocamera under infra-red light. Chloroplasts in the cell did not move in response to R-microbeam irradiation. However, the chloroplasts began to move towards the B-irradiated area and then returned to the dark position. (B) Chloroplast movement in the same cell as A was traced at 1 min interval. Open circle in the cell center shows the irradiated area (diameter = 10 mm). The small black dots show the initial locations of chloroplasts. Chloroplasts moved straight toward the irradiated area. (C) Distances between the center of the microbeam-irradiated area and chloroplasts. The schedule of light treatments is shown at the top of the panel. The distances did not change in response to the R irradiation, but they began to decrease after the B irradiation with a short lag time and then increased again, indicating that chloroplasts moved towards the B spot but moved back after while in the darkness. These results indicate that the chloroplast relocation movement in the fern P. maltifida is controlled by B but not by R, unlike in A. capillus-veneris, where B as well as R are effective in inducing the accumulation movement.
Gabrys 1993, Kadota and Wada 1992) . Recently, Sato et al. (2001) found that the moss Physcomitrella patens uses microtubules as well as actin filaments for B-induced chloroplast movement, but for R-induced chloroplast movement it uses only microtubules. It is interesting that only the mosses use microtubules for chloroplast movement, as far as is known.
Specific components in the signal transduction pathway for chloroplast accumulation have not yet been found, although calcium has long been suggested as providing a candidate in the pathway connecting photoperception with chloroplast movement (see Wada and Kagawa 2001) . Studies with mutants in the accumulation response may elucidate the pathways.
Avoidance response
When plants are illuminated with strong light, chloroplasts in the plant cells might be seriously damaged if chloroplasts could not in some way avoid the incident light. In order to avoid such photo-damage, plant cells monitor the light intensity of B. When the fluence rate of B is very high, chloroplasts escape from the light. The avoidance response can be analyzed by partial cell irradiation using a microbeam irradiator rather than by irradiation of whole cells. When the center of an A.
capillus-veneris prothallial cell that is adapted to weak white light and whose chloroplasts are located at the cell surface is irradiated with strong B, the chloroplasts move away from the irradiated region and stay outside of the beam (Fig. 3) (Kagawa and Wada 1999) . When a small area of dark-adapted prothallial cells, where chloroplasts are located at the cell periphery, is irradiated continuously with a strong B microbeam, chloroplasts move towards the irradiated area but never enter into the beam spot (Kagawa and Wada 1999) . These responses can be explained as follows. Strong B produces signals both for accumulation and for avoidance. The accumulation signal is transferred over a long distance (Kagawa and Wada 1999 ) but avoidance signal is retained within the irradiated area (Tlalka et al. 1999, Kagawa and . The avoidance signal must overcome the accumulation signal within the area irradiated with strong B. A dichroic effect for chloroplast positioning is observed in the avoidance movement under strong polarized B irradiation as in the case of the accumulation movement (Zurzycki and Lelatko 1969 , Yatsuhashi and Wada 1990 , Kagawa and Wada 2000 , suggesting that B receptors are dichroically arranged. Brief and strong B irradiation is able to induce the avoidance response in subsequent darkness in L. trisulca (Zurzycki et al. 1983 ) and A. capillus-veneris (Kagawa and Wada 1999) , indicating that the signal from strong light can be retained for some time in the irradiated area. Kagawa and Wada (1999) tested whether a red light-mediated accumulation response in ferns could modulate the Bdependent avoidance response. They found that R does not alter the effect of strong B for the avoidance response in A. capillus-veneris, but does in the case of the accumulation response induced by B. When the prothallial cells under R at a fluence rate that was saturating for the chloroplast accumulation movement were partially irradiated with a microbeam of strong B, the chloroplast avoidance response that occurred was almost the same as observed under infrared (Kagawa and Wada 1999) . Furthermore, when irradiated with a B microbeam below the threshold for avoidance movement under the R background, chloroplasts did not show an avoidance response but gathered just as they did under infrared light. Even when the cells under R were irradiated with B at a fluence rate a little higher than threshold for the avoidance movement, the chloroplast avoidance movement occurred almost as it did under infrared (Kagawa and Wada 1999) . Thus, signals for the avoidance movement generated by strong B are evidently different from those for accumulation movement in R.
Phototropins as photoreceptors
The search for B photoreceptors had been conducted by measuring action spectra for B responses and comparing them to the absorption spectra of known compounds. However, this strategy has not yielded conclusive results, because absorption spectra of pure chromophores and those of chromophores bound to intracellular substances are not necessarily the same. The absorption spectrum of a compound can be dramatically changed by its micro-environment. More recent approaches using mutants and molecular biology have made it possible to identity B photoreceptors. Recently, we isolated several mutants in A. thaliana defective in the B-induced avoidance movement. By map-based cloning, the mutagenized causal gene was shown to be a PHOT2, a gene homologous to the phototropin gene, PHOT1 ). Jarillo et al. obtained the same results by reverse genetics (Jarillo et al. 2001) . Since the LOV1 and LOV2 domains of phot2, expressed as fusion proteins in E. coli, could bind FMN and absorb B, phot2 was identified as another B receptor . The absorption spectra of the FMN-binding LOV domains of A. thaliana phot1 and phot2 ) are similar to the action spectrum for the chloroplast avoidance responses (Zurzycki 1980) . Taken together, the two studies indicate that phot2 is a B photoreceptor for the chloroplast avoidance movement. In phot2 mutants, however, chloroplasts accumulate even under strong B microbeam irradiation . Thus, the accumulation signal is still activated in the microbeam-irradiated area. These results indicate that the area irradiated with strong B in wild type generates signals for the accumulation as well as for the avoidance movement. In wild type, the avoidance signal must overcome the accumulation signal under strong B, so that only the avoidance response occurs under natural conditions. phot1 and phot2 double mutants did not show any light induced chloroplast movement whatsoever . However, phot1 mutants show both normal avoidance and normal accumulation movements, although the sensitivity of the accumulation movement is a little reduced (Kagawa and Wada 2000) . The action spectra for the LFR and HFR in various plants are similar to an absorption spectrum of a flavin (Zurzycki 1967 , Zurzycki 1980 . From the results of mutant analysis, we conclude that the photoreceptors for the chloroplast accumulation movement are phot1 and phot2, and that for the avoidance movement is phot2.
Concluding remarks
Although the photoreceptors of B-induced chloroplast movements have been identified, we are now only at the starting point in understanding this phenomenon, namely photoperception. However, nothing is known beyond the amino acid sequence of the photoreceptors and a little of the early photochemistry (Salomon et al. 2001 . Why do the phototropins have two chromophores? Which chromophore absorbs blue light or do both? Why and how does phot2 mediate an avoidance response in high fluence-rate B but an accumulation response at lower fluence rates of B? Why can the signal for accumulation be transferred over some distance within a cell whereas that for avoidance cannot? Are the signals for accumulation and avoidance responses different from each other or the same? Is it necessary for chloroplasts to be irradiated directly by strong B for the avoidance response? phot1 and phot2 are not only the photoreceptors for chloroplast movement, but they are the photoreceptors for phototropism (Christie et al. 1998 ) and stomata opening (Kinoshita et al. 2001 ) and may be for other B responses too. How are these different responses controlled by one photoreceptor? There are many questions to be resolved on the mechanisms of chloroplast movement and phot function itself. We are now at the starting point of great adventure in the study of B responses. Some time soon we may find the answers to the above questions using mutants and new technologies.
